Pyrethroid insecticides resistance in several Anopheles species represents a threat for the success of malaria vector control based on using treated nets and indoor sprayings. Impact of the long-lasting insecticidal net (LLIN) of Permanet type and indoor residual spraying (IRS) with deltamethrin on the levels of susceptibility to pyrethroids and DDT were investigated in �eld populations of Anopheles gambiae in 12 villages located in the Danané area in Western Côte d'Ivoire. From May 2001 to July 2002, adult An. gambiae reared from larvae collected from these villages were tested with 0.05% deltamethrin, 1% permethrin, and 4% DDT impregnated papers using WHO standard test kits. Knockdown times for 50% of adult mosquitoes (kdT 50 ) of �eld specimens from LLINs, untreated nets, IRS, and control villages signi�cantly differed from those of the Kisumu susceptible strain. However, the resistance ratios of the kdT 50 were very low. KdT 50 did not signi�cantly differ with all treatments, chemicals (LLINs and IRS), physical (untreated nets), and control. e mortalities were above 80% indicating susceptible populations of An. gambiae in the Danané area. ere was no signi�cant difference between mortality rates from the different treatments.
Introduction
Malaria vector control aims to prevent the transmission of Plasmodium parasites by using essentially treated nets and/or indoor residual sprayings with insecticides (IRS). Many malaria vector control projects based upon sprayings were stopped because resistance to insecticides occurred in malaria mosquito populations [1] such as the Anopheles gambiae complex Giles 1902 (Diptera: Culicidae), a major malaria vector in Africa. Meanwhile, insecticide treated nets (ITNs) have proved their efficacy in reducing malaria morbidity and mortality [2, 3] , but low rates of insecticide retreatment of bed nets were a critical issue for the success of campaigns largely based on ITNs [4] . us, long-lasting insecticidal nets (LLINs) have been proposed and reported to protect against mosquitoes for several years [5] .
To date, �ve (5) pyrethroids ( -cypermethrin, cy�uthrin, deltamethrin, -cyhalothrin, and permethrin) and one pseudopyrethroid (etofenprox) insecticides are recommended for net impregnation [6] . ese insecticides are advocated for vector control particularly in public health because of their quick knockdown and lethal effects on mosquitoes at low concentrations [7] . ey also produce excito-repellent effects on mosquitoes. Insecticide-treated nets signi�cantly reduce indoor resting densities of malaria vectors and sporozoites rates [8] . However, the recent evolution of pyrethroid resistance in several Anopheles species represents a threat for the success of malaria vector control. A lot of researches have reported this type of resistance in several South Sahara African populations of An. gambiae sensu stricto [9, 10] . e occurrence of this resistance induces a signi�cant reduction in mosquito mortality aer exposure to permethrin and lower 2 ISRN Infectious Diseases knockdown effects of deltamethrin and -cyhalothrin [11, 12] . Investigations on the target site of action for pyrethroids show that the knockdown resistance (kdr) is mainly due to a single-point mutation in the gene coding for the structure of the voltage-gated sodium channel, resulting in a change in amino acid from leucine to phenylalanine (L1014F) [13] or from leucine to serine (L1014S) [14] . is mutation confers cross-resistance to a wide range of pyrethroids and DDT [11] . It was initially detected in the S molecular form of An. gambiae s.s. from tropical Savanna areas [1, 12, 15] . In Benin and Ghana, this mutation has also been reported in the M molecular form [16, 17] and is now spreading in M form populations from dry Savanna areas [18] .
e cytochrome P 450 monooxygenase-enzymes have also been reported to induce resistance to pyrethroids [19] . Indeed, over production of these enzymes has been associated with pyrethroid resistance in both An. albimanus and An. gambiae species [20] . Other results have suggested that high levels of oxidase enzymes were responsible for detoxi�cation of pyrethroids in An. funestus in Northern Natal Kwazulu in South Africa [21] . More recent studies have reported six genes whose expression levels are associated with pyrethroid metabolic resistance of A. gambiae from West Africa [22] . ree of these six genes were overexpressed in both sexes of the resistant strain, two cytochrome P 450 (CYP6Z2 and CYP6M2) and a superoxide dismutase (SOD3B). In females of the resistant strain, a carboxylesterase (COEJHE5E) and a GST (GSTS1-2) were also found to be overexpressed while another P 450 (CYP6Z3) was overexpressed in the resistant males only.
e current survey was carried out from May 2001 to July 2002 in villages located in Western Côte d'Ivoire to investigate the impact of both LLINs of Permanet type and IRS with deltamethrin on the levels of susceptibility to pyrethroids and DDT of �eld An. gambiae populations. Larvae were reared locally until adult stages. Bioassays were carried out using three-to-�ve-day old nonblood fed females. Test mosquitoes were identi�ed morphologically, and only females of An. gambiae were selected for bioassays. e "Kisumu" strain of An. gambiae reared in our insectary was used as susceptible reference.
Material and Methods

Treatments in
Bioassays.
Bioassays were carried out with WHO insecticide susceptibility test kits for adult mosquitoes using 0.05% deltamethrin, 1% permethrin, and 4% DDT impregnated papers. ese are recommended dosages for diagnostic tests of susceptibility to insecticides [23] aer a one hour holding period.
Papers were impregnated in our laboratory according to WHO protocol using Dow Corning 556 silicone oil as a carrier [23] . Insecticides with the recommended active ingredients were provided by Agrevo, Berkhamsted, U.K.
e numbers of mosquitoes knocked down were recorded at 10-min intervals during a 60-min exposure. Mortality rates were determined aer 24 hours holding period with a supply of 10% honey solution. All experiments were carried out at a temperature and humidity of 25 ∘ C and 70-80% RH, respectively.
Data Analysis.
Data were analysed using log-probit soware based on the Finney model [24] . Knockdown times for 50% individuals (kdT 50 ) were determined per bioassay. Ratios of the kdT 50 of �eld An. gambiae over those of the Kisumu susceptible strain (RR 50 ) were determined.
Mortality rates were calculated and analysed according to the WHO criteria in order to determine whether samples were susceptible or resistant [23] . e Jonckheere-Terpstra nonparametric test was used to compare variation in the kdT 50 of samples. A Cox proportional hazard model was then used to compare the levels of susceptibility of �eld An. gambiae based on mortality rates. Both the Jonckheere-Terpstra test and the Cox model were calculated using SPSS soware version 11.5.
Results
KdT 50 and Mortality Rates of the Kisumu Strain.
KdT 50 of the Kisumu susceptible strain were 9.4 min, 6.3 min, and 15.4 min with 0.05% deltamethrin, 1% permethrin, and 4% DDT, respectively, while mortality rates aer the 24-hour holding period were 100% (Tables 1 and 2 ). (Tables  1 and 2 ). e kdT 50 values were different before treatments (LLINs, untreated nets, IRS, and control) on month 0 with all insecticides.
KdT
Mortality rates of �eld An. gambiae were 100% in LLINs, untreated nets, and control villages and 95% in IRS villages with deltamethrin. Mortality rates were 100% in villages given untreated nets and control villages, 99% in LLINs villages, and 91% in IRS-treated villages with permethrin, while the rates with DDT were 100% in villages given untreated bed nets and control villages, 98% in villages given LLINs, and 96% in IRStreated villages. 50 and Mortality Rates of Field An. gambiae during the Trial. e kdT 50 values with deltamethrin from all villages, with or without insecticide were around 15 min (Figure 1(a) ). Using permethrin, kdT 50 values were around 10 min (Figure 1(b) ) while values remained high throughout the trial with DDT (Figure 1(c) ). e kdT 50 values for all three insecticides for all the different populations were signi�cantly different from those observed with the Kisumu susceptible strain ( 0 00 ). However, the RR 50 of these kdT 50 were 1.1-2.7 compared to the susceptible reference strain, indicating that differences were low (Table 3) . e kdT 50 induced by both 0.05% deltamethrin and 1% permethrin slightly decreased from the 6 month to the 15th month without any signi�cant difference according to the different treatments during the whole trial ( 0 30 and 0 , resp.). As with deltamethrin and permethrin, there was no signi�cant difference between the kdT 50 observed with 4% DDT ( 0 ). Mortality rates were high, 95%-100% with deltamethrin (Figure 2(a) ), 91-100% with permethrin (Figure 2(b) ), and 83-100% with DDT (Figure 2(c) ). Even though overall mortality rates were >80%, a few samples showed mortalities 98%. ere was no signi�cant difference between the mortality rates of samples tested with deltamethrin and permethrin ( and , resp.) and with DDT ( ).
Variations of kdT
KdT and Mortality Rates of Field An. gambiae at the End of the Trial.
With deltamethrin, the kdT were 10.5, 14.6, 13, and 12.5 min from LLINs, untreated nets, IRS, and control villages, respectively. e kdT from LLINs, untreated nets, and control villages were 9.0, 7.8 and 7.9 min, respectively, with permethrin and 25.2, 19.8, and 23.1 min, respectively, with DDT. Mortality rates were 100% from all villages with permethrin and from untreated nets, IRS, and control villages with deltamethrin. Mortality rates were 98% in LLINs villages with deltamethrin. With DDT, mortality rates were 94%, 99%, and 98% in LLINs, untreated nets, and control villages, respectively.
Discussion
e kdT of �eld An. gambiae exposed to 0.05% deltamethrin, 1% permethrin, and 4% DDT impregnated papers that were almost two times higher than those of the Kisumu susceptible strain. is result indicates susceptibility to insecticides of these populations which could be due to a T 3: Variation of ratios of the knockdown times for 50% individuals (RR 50 with 95% CI) of �eld An. gambiae from longlasting insecticidal nets (LLINs) of Permanet type, indoor residual sprayings (IRS), untreated nets, and controls villages over the knockdown times for 50% individuals of the Kisumu susceptible strain exposed for 1 hour to 0.05% deltamethrin, 1% permethrin, and 4% DDT impregnated papers. lower frequency of resistant individuals since the knockdown time has been reported to be an indicator for early detection of knockdown resistance [11] . No signi�cant differences were observed between the kdT of �eld An. gambiae from the different treatments and control areas suggesting that neither LLINs nor IRS with deltamethrin induced any change of the susceptibility of populations during the whole trial period. ese results are consistent with studies performed in Western Kenya, where resistance levels of �eld mosquitoes were reported to remain low two years aer implementation of permethrin pretreated nets [8] . e mortality rates revealed a susceptibility of An. gambiae to 0.05% deltamethrin, 1% permethrin, and 4% DDT in this area of Côte d'Ivoire, and this did not change during the 15 months study period of insecticide use ( ). Indeed, unpublished data of research performed in these study sites showed that mosquitoes belonged mainly to the M molecular form of An. gambiae s.s. that did not carry the kdr mutation conferring cross-resistance to pyrethroids and DDT. us, even though we did not carry out molecular genotyping of the specimens collected from this area, our expectation is that they will belong to this molecular form of An. gambiae s.s. Subsequently, the high mortality rates observed may be likely due to this high proportion of susceptible M form mosquitoes.
Months
However, the observation that mortalities to all three insecticides slightly decreased at the beginning of the rainy season on the 12th month of the study period may indicate an increase in the frequency of the S molecular form of An. gambiae s.s. e S molecular form of An. gambiae s.s. is generally associated with temporary breeding sites (puddles, wheel prints, etc.) and is known to increase in frequency in the rainy season, while the M molecular form is associated with permanent breeding sites such as paddy �elds and irrigated rice �elds [12] . e decrease in mortality, though weak during our survey period, might be likely due to individuals of the S molecular form that carried knockdown mutation and may be expected to increase as the rainy season progressed. In contrary, recent studies reported that kdr mutation was found with a frequency of 70% in the M molecular form of An. gambiae from the French military camp of Port Bouët in Southern Côte d'Ivoire [25] .
Observed mortalities in this study were lower with DDT than with deltamethrin and permethrin. A similar phenomenon was observed in Burkina Faso, where local mosquitoes were susceptible to deltamethrin and permethrin, but resistant to DDT [12] . ese low mortalities may be explained by metabolic based mechanism such as glutathione-S-transferases that confer resistance to DDT.
Resistance development in the �eld has been reported to depend on the interaction of several factors, which can be classi�ed into three categories: genetic, biological, and operational [26] . e level and the type of resistance can differ according to ecological sitting. In coastal areas of Benin in West Africa, the cross-resistance of An. gambiae s.l. to pyrethroids and DDT was explained by the presence of the kdr mutation at high frequency [27] . Whereas at Siguiri in Guinea Conakry in West Africa, populations of An. gambiae showed high levels of resistance to DDT, although the frequency of the 1014F kdr allele was only 24% [28] .
In this study, the presence of few resistant specimens among susceptible populations could be taken as an indication that resistance would increase over time under selective insecticide pressure. Nevertheless, available data did not show any increase of resistance in �eld An. gambiae populations. Indeed, studies on larvae of An. stephensi selected with DDT for 40 generations were reported to develop a 126.6-fold increase in resistance to DDT but showed only 3.7-fold crossresistance to deltamethrin [29] . e absence or the very weak selection pressure exerted by the LLINs on resistance during this study may be due to the low operational dose of insecticide for bed net impregnation and/or repellent effects of LLINs and IRS with deltamethrin. Near Kisumu in Western Kenya, the frequencies of knockdown mutation increased only from 3% to 8% in villages where permethrin treated bed nets (ITNs) were used and the surrounding villages during 14 years study period, from 1987 to 2001 [30] .
Indoor residual sprayings with deltamethrin were done only twice in 12th month during the current study, leading to an absence or a very low selection pressure just as it was observed with the LLINs. Selection pressures may be higher where insecticides are widely used, such as in agriculture as opposed to pyrethroid-treated bed nets and IRS.
Notwithstanding, the current data shows that �eld An. gambiae populations of Danané remained susceptible to deltamethrin, permethrin, and DDT over a 15-month period of active insecticide usage.
